INTRODUCTION
The Central Arizona Project (CAP) delivers Colorado River water from Lake Havasu, located on Arizona's western border, to central and southern Arizona. The total CAP system is 336 miles long and consists of open canals, inverted siphon pipelines, tunnels, pumping plants, check structures, turnouts, and Lake Pleasant storage reservoir. CAP is Arizona's largest supplier of renewable water.
CAP is a multi-purpose project with an annual allocation of approximately 1.5 million acrefeet delivered to cities, industries, Indian communities, and agricultural customers as it crosses the arid desert. Colorado River water offsets groundwater mining, which benefits the state by conserving water, providing long-term storage for future use, supplementing surface water supplies, and complying with the Arizona Groundwater Management Act. CAP also provides flood control, power management, recreation, and wildlife benefits.
CAP does not provide potable water directly to the public, but supplies raw Colorado River water to municipal water treatment plants. These plants perform the necessary filtering, disinfection, and other treatment of the water to remove suspended particles and bacteria. The treated water is then delivered through the municipal distribution system for domestic use.
Water Quality Program CAP has developed a water quality monitoring program, which consists of three areas:
1)
Ongoing monitoring of primary pollutants and general water chemistry 2)
Ongoing corrosion and materials studies 3)
Customers' parameters of interest
Water quality monitoring provides data and information to CAP staff and customers about patterns and trends in the canal and Lake Pleasant water quality. The data can also be used to identify potential water contaminant sources.
Water comes from two basic sources: (1) Colorado River, and (2) Lake Pleasant. As previously mentioned, the Colorado River is the main source of CAP water, but Agua Fria River inflow from rainfall/runoff on the Lake Pleasant watershed mixes with Colorado River water that is stored in the reservoir.
The CAP canal system has cross-drainage structures, which are designed to convey natural drainages over or under the CAP canal. However, there is some limited onsite drainage that is collected in the CAP system.
Historical Water Quality Information
Prior to 1996, the United States Bureau of Reclamation (USBR) and the Central Arizona Water Conservation District (CAWCD) cooperated with the United States Geological Survey (USGS) for a water quality sampling program. The USGS collected monthly and quarterly grab samples at three sites on the CAP canal system:
( CAP CANAL WATER QUALITY DATA CAP's water quality program consists of real-time water quality data from sensors installed at various locations along the canal system, and regularly scheduled grab samples, which are analyzed by a commercial laboratory. CAP also coordinates with its customers to provide additional sampling if needed.
Real-Time Water Quality Program
The real-time water quality program consists of a Hach turbidity meter and a YSI multiprobe sensor installed at each of three sites:
(1) Mark Wilmer Pump Plant (Lake Havasu Inlet) (2) Hassayampa Pump Plant (3) Waddell Pump/Generator Plant (Lake Pleasant)
The real-time data is collected and stored in CAP's control system database and ondemand reports can be generated. The following are the real-time parameters:
Hach: Turbidity (0-1000 NTU) 
LAKE PLEASANT RESERVOIR WATER QUALITY DATA
The CAP aqueduct system utilizes Lake Pleasant as a seasonal pumped-storage reservoir. During a typical year, Colorado River water is pumped into the lake from November to June when water demands and electricity costs are lower. From June to September, when water demands and electricity costs are higher, water is released from the lake for customer deliveries.
The Agua Fria River flows into Lake Pleasant, and inflows vary each year (see Figure 7) . During dry years on the watershed, the reservoir storage is mostly Colorado River water, and during wet years with substantial runoff, the reservoir has a blend of Colorado River and Agua Fria River water.
Water enters the lake from the Agua Fria River channel on the north end of the lake. Releases to the CAP canal are made from the Waddell Pump/Generating station located below the New Waddell Dam on the south end of the lake. Consequently, inflows from the Agua Fria are not immediately released to CAP customers from Lake Pleasant.
Lake Pleasant Sampling -February 5, May 11, August 4, and November 5, 2009:
The water quality of the lake represented a blend of Colorado River water and Agua Fria water. The lake was clear with turbidity levels averaging 0.9 NTU, and the TDS levels of 670 to 710 mg/l are similar to those found in Colorado River water. In years with significant runoff from the Agua Fria, the TDS levels are much lower than those in Colorado River water. Table 8 contains the Lake Pleasant grab sample results.
Lake Pleasant Depth Profiles
The largest changes in lake water chemistry are related to seasonal changes and depth. Depth profile measurements were collected at the towers at New Waddell Dam using a portable Hydrolab multi-probe water quality sensor on January 8, February 11, March 10, April 9, June 17, July 8, August 4, September 16, October 13, November 10, and December 2, 2009. The water quality parameters measured included temperature, pH, and dissolved oxygen. Figure 8 - Figure 10 contain the Lake Pleasant depth profile results.
Lake Pleasant depth profiles indicated that thermal stratification occurred in the summer months. The upper layer (epilimnion) was oxygen-rich, with a higher temperature, as well as having a slightly higher pH, conductivity, and TDS. The lower layer (hypolimnion), was lower in dissolved oxygen with lower temperatures and slightly lower pH and conductivity (which is a measure of TDS).
The oxygen deficit conditions at the lower depths may cause sediment nutrient release through the process of reduction. If the sediment/water interface is exposed to prolonged periods of anoxia, reducing conditions allow the formation of nutrients previously unavailable for organisms that cause taste and odor changes in the water. This reduction may lead to sapropel formation, a compound that is high in hydrogen sulfide and methane, and has a shiny, black color due to the presence of ferrous sulfide. This compound is responsible for the occasional "rotten-egg" odor associated with hypolimnetic releases from the hypolimnion layer through the lower portal on the intake towers.
Nutrients, such as nitrogen and phosphorous, become unbound from their ionic association with metals, such as iron, and manganese. This process may free up nutrients, which contribute to algae blooms in the canal system. Precipitates of iron and manganese cause discolored water and treatment problems.
Typically, the degree of stratification gradually forms during spring/summer and lasts until the latter part of fall. Usually by November or December, the lake has de-stratified. This phenomenon is caused by the decrease in surface water temperatures, which increase the surface water density and result in displacement or mixing of surface water with deeper water. This mixing restores the lake to a more uniform water chemistry profile.
The intake towers at the New Waddell Dam have sets of intake portals at two different levels, which are 100 feet apart in elevation. Adjustable operation of the upper and lower portals offers CAP opportunities to manage the quality of water released from the lake for customer deliveries.
For years 1994 through 1997, water releases were made through the upper gates as long as possible. It was believed that this zone had the best water quality. By the end of the summer, the lake elevation was lower than the upper gates so all releases were switched over to the lower gates. At that time, the lower quality water from the bottom zone of the lake was introduced into the canal system, resulting in treatment concerns for the cities.
In 1998, a new operational scheme was used to manage the water quality from the releases at Lake Pleasant. This new scheme consisted of using only the lower portals for releases during the entire summer. The use of the lower gates during the initial releases in June allowed medium-oxygenated bottom water to be released early in the release period, while prolonging the retention of the high-oxygenated epilimnion water. This minimized the volume of anoxic water, which would have been delivered from the lake during the latter part of the summer release period.
In 2005, the lake release strategy was further modified to improve water quality for valley cites. Lake Pleasant releases were terminated in mid-September, as opposed to midOctober. Termination of releases reduced the amount of anoxic water that was being delivered to the downstream treatment plants. This strategy was also implemented in the fall of 2009. Table 9 summarizes operations at the dam; included in the table are the approximate minimum and maximum annual elevations, and the approximate blend of Colorado River water and Lake Pleasant water that was delivered to valley cities. Figure  11 and Figure 12 describe the seasonal operational patterns for the delivery of CAP water. Turbidity -The suspended solids are very low with turbidity levels averaging 1.7 NTU. The water in the canal and Lake Pleasant is very clear, and the lake bottom can be seen at depths of 25-30 feet. In general, when canal flows are lower or steady, the turbidity is low. When flow increases occur, the higher velocities cause an increase in turbidity levels. These increases in turbidity are generally very short in duration. Algae blooms in the canal also have an impact on turbidity. Blooms are generally localized and do not contribute significantly to the overall turbidity levels of CAP water.
LAKE PLEASANT INFLOW
TDS -Total dissolved solids represent the concentration of dissolved minerals in the water. The TDS levels in CAP water are high when compared to most groundwater sources. For the year, the average TDS was 666 mg/L. pH -The average canal pH ranged from 6.9 to 8.9.
Temperature -Average water temperature for the year was 67°F with minimal differences between the Havasu, Phoenix, and Tucson areas of the canal system. However, monthly and seasonal temperatures varied considerably along the canal system. Maximum temperatures reached 87°F and minimum temperatures were about 51°F.
Note: From June to mid-September, when Lake Pleasant water is released for customer deliveries downstream of the Waddell Turnout, the canal water temperatures at the 99 th Avenue Bridge range from 64°F to 70°F. This water is 10 to 25 degrees cooler than normal canal water temperatures.
DO -The average dissolved oxygen levels were fairly uniform throughout the canal system. Most of the sampling locations averaged approximately 9.8 mg/L for 2009. DO measurements ranged from 6.6 mg/L to 11.8 mg/L. Fluctuations in DO followed the canal water temperature trends with an inverse relationship.
Metals -The concentrations of dissolved heavy metals were non-detectable in the canal except for arsenic, which had an average measurement of 2.8 ug/L. Heavy metals detected in Lake Pleasant included arsenic, chromium, and mercury; the measured ranges were 3.2 -4.8 ug/L, ND -1.8 ug/L, and 0.3 -2.7 ug/L, respectively.
Pathogens -A significant amount of public drinking water in the urban areas of central and southern Arizona is treated CAP water. One of the biggest concerns is the presence of pathogens in treated water, including Giardia and Cryptosporidium. In 2009, all tests for Giardia and Cryptosporidium had non-detect results. See attached summary tables of priority pollutant results for locations and measured amounts. Note 2: All positive samples occurred at Lake Pleasant only, all other locations were non-detect (ND). Note 3: All positive samples occurred at Lake Havasu only, all other locations were non-detect (ND).
Water Quality Impact From Bill Williams River As previously mentioned, the CAP aqueduct system begins at Lake Havasu. The intake area for the Havasu Pumping Plant is located in a bay-like feature, which is south of the mouth of the Bill Williams River as it flows into Lake Havasu. The Bill Williams River, together with its headwaters at Alamo Lake, forms the majority of the drainage area of west central Arizona. During periods of heavy rainfall and runoff, the flows in the Bill Williams River dominate this area of Lake Havasu, and the water quality tends to be low in TDS but very turbid with high concentrations of organic matter and suspended sediments.
When the water quality in this area deteriorates, it causes treatment problems for downstream municipalities. If possible, CAP would stop pumping from Lake Havasu until the water quality improves. In 2009, there were no releases from Alamo dam of sufficient flow to impact water quality in the CAP system. Municipal water treatment plants, which treat water supplies from the CAP and SRP systems, have experienced seasonal taste and odor episodes. The water has been described as having a "musty-moldy-earthy" taste or odor, which is suspected of being associated with biological activity in reservoirs and canal systems. Water treatment plants can treat this water with activated carbon to reduce or eliminate the offensive tastes and odors, however treatments have significant cost.
Compounds produced by Cyanobacteria (blue-green algae) are the suspected causes of the taste and odor problems. Two compounds of concern are Geosmin and 2-methylisoborneol (MIB) which can produce odors at levels as low as 1 part per trillion (ppt). The taste and odor constituents are an aesthetic problem and do not present a health concern at these extremely low levels. MIB detected in samples from several treatment plants appear to be due to planktonic Oscillatoria and both planktonic and periphytic Lyngbya. Geosmin detected in samples appear to come from periphytic Anabeana and Lyngbya.
An ongoing cooperative research and implementation program among ASU, SRP, CAP, and the City of Phoenix has been monitoring the levels of MIB and Geosmin in the CAP and SRP canal systems. The project is titled: The project publishes a monthly newsletter, which contains sampling results and recommendations for treatment of MIB and Geosmin. A summary of the project and a copy of the newsletters distributed, including the most current newsletter, and a final report can be found at:
http://enpub.fulton.asu.edu/pwest/tasteandodor.htm Data gathered by the ASU project show CAP water typically to be a very low source of MIB and Geosmin to valley cities. CAP water has the potential of being used as a taste and odor management tool. In the project final report, the following recommendation was made regarding CAP water: 
